Efforts to identify exercise-induced signaling events in skeletal muscle have been influenced by ground-breaking discoveries in the insulin action field. Initial discoveries demonstrating that exercise enhances insulin sensitivity raised the possibility that contraction directly modulates insulin receptor signaling events. Although the acute effects of exercise on glucose metabolism are clearly insulin-independent, the canonical insulin signaling cascade has been used as a framework by investigators in an attempt to resolve the mechanisms by which muscle contraction governs glucose metabolism. This review focuses on recent advances in our understanding of exercise-induced signaling pathways governing glucose metabolism in skeletal muscle. Particular emphasis will be placed on the characterization of AS160, a novel Akt substrate that plays a role in the regulation of glucose transport.
Introduction
To understand the challenges to identify exercise-responsive signaling targets involved in the regulation of glucose metabolism and gene expression, one must appreciate the complexity of signaling cascades. The traditional view of signal transduction is built on the concept that linear pathways connect cell surface receptors to intracellular effectors to elicit a specific response. However, through the application of targeted gene knockout in cells using siRNA and in animals using transgenic and knockout technologies, there is growing appreciation for the great complexity of diverse signaling pathways. The current view of signal transduction considers that downstream metabolic and gene regulatory responses are governed by sophisticated and highly developed systems that form modules or nodes, which have been adapted and integrated into a wide variety of cellular signaling circuits. The concept and importance of 'critical nodes' in signaling pathways are highlighted by studies of the insulin signaling cascade, whereby insulin, insulin-like growth factor 1 and cytokine receptors have been shown to orchestrate metabolic and gene regulatory events by integrating positive and negative signals over distinct nodes to mediate and/or modify the initial signal from the ligand to the effector. 1 A recent review 1 outlines criteria by which critical nodes can be defined. The identification of critical nodes in signaling cascades follow three criteria: the node must (a) constitute a group of related proteins that are required for the receptor-mediated signal, and in which two or more of these proteins have unique biological roles to introduce divergence into the receptor-derived signals, (b) be highly regulated in a positive and negative manner and (c) constitute a junction for cross talk and integration with other signaling systems. With an understanding of signal transduction based along this premise, one can easily appreciate the great complexity of the array of intracellular responses required to give rise to the final metabolic or gene regulatory event within each cell type. Moreover, through tissuespecific expression patterns, constitutes of the critical nodes can be varied to introduce an additional level of specificity into the receptor-derived events that impact whole body physiology. Despite increasing resolution of the insulin signaling cascade, the pathway(s) by which exercise or muscle contraction increases glucose uptake and metabolism remain unresolved.
Exercise-mediated metabolic responses
The insulin signaling cascade has been used as a paradigm to model signaling cascades by which exercise or muscle contraction can influence metabolism and gene expression. Perhaps, one of the greatest challenges among exercise scientists in the forthcoming years is the identification of 'critical nodes' required for eliciting the exercise-derived signaling, which mediate metabolic and gene regulatory responses in skeletal muscle. Skeletal muscle comprises approximately 55% total body mass and has been highlighted as a key tissue for locomotion, heat production and basal metabolism. Thus, investigators have focused on skeletal muscle as a major exercise-responsive 'target tissue' regulating whole body glucose homeostasis. An early example that highlights the importance of skeletal muscle plasticity in the metabolic adaptation to exercise and dietary intervention came from the laboratory of Bergström and Hultman. 2 These researchers utilized the needle biopsy technique to obtain human skeletal muscle samples suitable for biochemical analysis of glycogen content before and after a bout of glycogen-depleting exercise. The experiment protocol in this landmark study involved two participants who performed a bout of cycling (side-by-side using the same bicycle ergometer), in which one participant worked the left leg and the other participant simultaneously worked the right leg until exhaustion. Each participant rested the contralateral leg throughout the duration of the experiment. After cycling, the exercised leg was markedly depleted of glycogen, whereas the resting leg maintained normal glycogen content. For the following three days: the participants rested and consumed a carbohydrate-rich diet and further biopsy samples were obtained each day to determine the time course for glycogen resynthesis. After the first 24 h, skeletal muscle glycogen levels were restored to the resting level. After 72 h, glycogen content was markedly enhanced (that is, so-called 'glycogen super-compensation') in the leg that had undertaken exercise. This landmark experiment showed that (a) exercise caused a rapid depletion of muscle glycogen in the working leg, (b) skeletal muscle glycogen content is restored to normal levels within 24 h suggesting that the mechanisms regulating glucose uptake and storage constitute an early response to acute exercise and (c) skeletal muscle can expand the glycogen storage capacity indicating that exercise enhances the resynthesis of glycogen. Moreover, the authors concluded that an enhancing factor localized to the muscle contributed to the persistent effect of exercise on glycogen synthesis. Nearly 40 years later, major questions are focused on defining the signaling events involved in the regulation of glucose uptake and glycogen resynthesis after exercise. Interestingly, we have recently demonstrated that trained men cannot repeatedly supercompensate muscle glycogen stores after repeated bouts of exhaustive exercise and 48 h of a high-carbohydrate diet, suggesting that the mechanisms responsible for glucose transport and/or glycogen accumulation are attenuated as a consequence of successive days of glycogen-depleting exercise.
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Glucose transport
The signaling mechanism by which exercise or muscle contraction increases glucose uptake involves a highly regulated process whereby the glucose transporter (GLUT) isoform, GLUT4 undergoes sorting and translocation from an intracellular storage site to the plasma membrane and t-tubules. One key question in the field concerns the mechanism by which insulin and exercise/contraction communicate with GLUT4 to promote glucose uptake. Although the components of the insulin signaling cascade to GLUT4 largely involve phosphoinositide 3-kinase, activation of AMP-activated protein kinase (AMPK) and calmodulin-dependent protein kinase are primary candidates shown to regulate glucose uptake in response to muscle contraction/exercise. 4 The effect of insulin and muscle contraction/ cellular stress on glucose transport is additive, providing evidence for independent pathways in the regulation of glucose metabolism. However, the point of convergence for insulin-dependent and insulin-independent signaling pathways has been a mystery and the cellular mechanism that bridges the gap between signal transducers and GLUT4 traffic is incompletely understood.
Exercise-induced phospho-proteins
Multiple exercise-induced phospho-proteins have been identified using the phospho Akt substrate antibody in working muscle, both in response to endurance and resistance exercise (Figure 1) . A phospho-protein of B300 kDa was identified as filamin A, whereas a 160 kDa protein was characterized as the novel Akt substrate, AS160. 6 Knowledge of these exercise-induced molecular targets may facilitate efforts to improve glucose homeostasis in type 2 diabetes.
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AS160 missing link to GLUT4?
AS160 has a molecular signature of a Rab-GAPase-activating protein (GAP) and has been identified as an important regulator of GLUT4 traffic. 5 Rab-GAP domains modulate the activity of Rab proteins, which are involved in the regulation of several membrane transport steps, including vesicle budding, motility, tethering and fusion. 8 Insulin stimulation of skeletal muscle leads to phosphorylation of AS160, a process dependent on Akt. 9,10 AS160 is also phosphorylated in response to exercise in human skeletal muscle 6 and after in vitro contraction in rodent skeletal muscle. 9, 11 Thus, AS160 may be a critical point of convergence for insulinand exercise-mediated glucose uptake in skeletal muscle.
AS160Fdiscovery and structure
To identify potential downstream targets of Akt, an antibody specifically recognizing proteins that are phosphorylated on Ser/Thr residues that lie in an RXRXXS/T motif has been developed. 5 Akt substrates share a minimum sequence motif of 'RXRXXS/T', where R is arginine, X is any amino acid and
Exercise-induced phospho-proteins AS Deshmukh et al S/T (serine/threonine). 12 The phospho Akt substrate antibody will also identify proteins that have been specified by other kinases with similar target sequences of Akt, such as AMPK, protein kinase C and p70 S6 kinase. 13 Figure 2 ). Immunoblot analysis with an affinity purified antibody raised against the carboxy terminal 12 amino acids of mouse AS160 (PTNDKAKAGNKP) reveals AS160 is widely expressed in an array of tissues including brain, testes, spleen, kidney, pancreas, lung, thymus, liver, heart, quadriceps and brown and white adipose tissue.
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AS160 mRNA is detected in various tissues with abundant expression in heart and skeletal muscle.
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AS160 mechanism of action AS160 has a predicted GAP domain that targets activity toward members of the Rab protein family. 5 Rab proteins cycle between an active guanine triphosphate-bound and an inactive guanine diphosphate-bound conformation. In the guanine triphosphate-bound active state, Rab proteins can directly interact with a variety of effector proteins to facilitate vesicle motility, docking/fusion of transport vesicles and formation of transport vesicles. 8, 16 Under basal conditions, AS160 remains active and maintains Rab proteins in an inactive guanine diphosphate-bound conformation, which retains GLUT4 in an intracellular compartment ( Figure 2 ). Under insulin-stimulated conditions, activation of Akt phosphorylates AS160 and inhibits the GAP activity, 5 thereby transforming the putative Rab protein into an active guanine triphosphate-bound conformation to promote GLUT4 translocation (Figure 2 ). Insulin induces a robust phosphorylation of AS160 in 3T3-L1 adipocytes and skeletal muscle through a wortmannin-sensitive phosphoinositide 3-kinase/Akt-dependent pathway. 5, 9 Evidence linking AS160 to GLUT4 translocation has been derived from transfection studies. Transfection of 3T3-L1 adipocytes with AS160-4P, in which four of the phosphorylation sites have been mutated to alanine, reduces insulin-induced GLUT4 translocation. 14 AS160-4P blocks insulin-stimulated GLUT4 exocytosis at a step preceding vesicle docking and fusion with plasma membrane and inhibits the insulin-mediated redistribution of GLUT4 in the intracellular compartment. 17 Insulin-mediated GLUT4 Figure 1 Exercise responsive protein phosphorylation. Vastus lateralis skeletal muscle biopsies were obtained as described in 6 from healthy volunteers before (Pre) or after (Post) resistance (REX) or endurance (CEX) exercise. For REX, participants performed maximal voluntary isokinetic single leg extensions (eight sets of five repetitions at maximal intensity, separated by a 3 min recovery period). For CEX participants performed continuous cycling exercise (60 min of at a power output that elicited B70% of individual VO 2 peak). Muscles were processed as described 6 and proteins were separated by either 7.5% (a) or 6-12% (b) SDS-PAGE. Phospho-proteins were detected by immunoblot analysis using the phospho Akt substrate antibody. Figure is reprinted from Deshmukh et al. 6 with permission.
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Exercise-induced phospho-proteins AS Deshmukh et al endocytosis is independent of AS160. Expression of an AS160 R/K mutant (Arg 973 in the GAP domain mutated to lysine) along with AS160-4P rescued the inhibitory effect on insulininduced GLUT4 translocation. 14 Electroporation of AS160-4P in mouse skeletal muscle also blocks insulin-mediated AS160 phosphorylation and glucose uptake and this effect is completely rescued by concomitant disruption of the AS160 Rab GAP by overexpression of AS160 R/K gene in same muscle. 11 Thus, phosphorylation of AS160 promotes GLUT4 docking with the plasma membrane. Mechanistic links between AS160 and glucose uptake have also been provided from gene knockdown approaches. Gene silencing of AS160 in adipocytes by siRNA increases basal glucose uptake by promoting the redistribution of GLUT4 from the intracellular compartment to plasma membrane. These effects are reversed by reexpression of wild-type AS160, but not by mutant form of AS160 (AS160-4P; mutated in the arginine predicted to be essential for AS160 GAP activity). 18 Under basal conditions, AS160 associates with GLUT4 vesicles and facilitates the intracellular sequestration of vesicle, whereas under insulin-stimulated conditions, phosphorylation dissociates AS160 from GLUT4 vesicles. 19 Although AS160 is specifically required for intracellular retention of GLUT4 vesicles, full retention requires some additional, as yet undefined factors. 18 Overexpression of wild-type AS160 does not alter insulin-mediated glucose trafficking, indicating that only permissible amounts of AS160 are required for GLUT4 retention.
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Insulin-Akt-AS160-GLUT4FRole of AS160
Insulin-stimulated AS160 phosphorylation is impaired in skeletal muscle from type 2 diabetic patients. 20 This signaling defect is correlated with impaired insulin action on insulin receptor substrate-1, phosphoinositide 3-kinase, Akt and glucose transport. 4 Furthermore, cytokine-induced insulin resistance in healthy volunteers infused with TNF-a for 3 h impairs peripheral, but not hepatic insulin sensitivity. Skeletal muscle insulin resistance is associated with increased phosphorylation of p70 S6 kinase, extracellular-regulated kinase 1/2 and c-Jun N-terminal kinase, concomitant with increased serine and reduced tyrosine phosphorylation of IRS-1. 21 These signaling effects are associated with impaired AS160 phosphorylation and reduced peripheral glucose uptake. Thus, impairments in insulin action on AS160 accompany defects in glucose transport in humans. In skeletal muscle from Akt2 knockout mice, insulin-mediated AS160 phosphorylation and glucose uptake are severely blunted, which highlights an absolute requirement of Akt for insulin-mediated action to AS160. 11 Although these findings clearly suggest a role of Akt and AS160 in GLUT4 translocation, the AS160 Rab GAP protein is unlikely to be the only target required for insulin-stimulated GLUT4 translocation.
AS160 and exercise/contraction-mediated GLUT4 translocation
Insulin and exercise stimulate GLUT4 translocation by distinct mechanisms. Several targets including Akt, AMPK, calmodulin-dependent protein kinase and nitric oxide synthase have been implicated in insulin-independent regulation of GLUT4 translocation and glucose uptake. 4 Although AS160 was first identified as an Akt substrate in adipocytes, it is also phosphorylated in rodent skeletal muscle in response to 5-aminoimidazole-4-carboxamide 1-b-D-ribofuranoside (AICAR), a pharmacological activator of AMPK, and in response to in vitro contraction. 9 Moreover AS160 is also phosphorylated in human skeletal muscle after endurance exercise with concomitant phosphorylation of Akt. 6 These studies have provided correlative evidence to suggest AS160 is an exercise-responsive protein and have implicated a role in glucose uptake. AMPK plays an important role in exercise/contractionmediated glucose uptake. 22 AICAR increases phosphorylation of AMPK and AS160 in a time-dependent manner through a wortmannin-independent (and thus phosphoinositide 3-kinase) pathway. 23 AMPK may phosphorylate AS160 directly or indirectly through unidentified substrates. Using an in vitro assay, where activated recombinant a1b1g1 or a2b2g1 AMPK complexes were added to skeletal muscle lysate, AS160 phosphorylation was increased. In contrast, recombinant calmodulin-dependent protein kinase kinase b was without effect. 23 This observation provides evidence that AMPK directly phosphorylates AS160, although indirect effects of AMPK on AS160 cannot be excluded as the recombinant AMPK may have phosphorylated another kinase, which in turn, may have directly phosphorylated AS160.
Using several different animal models in which the predominant catalytic and regulatory AMPK isoforms expressed in skeletal muscle have been genetically manipulated, we provide evidence that AS160 is a downstream target of AMPK in skeletal muscle. AICAR-induced phosphorylation of AS160 and glucose transport was completely ablated in skeletal muscle from AMPKa2 knockout, 23 AMPKa2 kinase dead 23, 24 and AMPK g3 knockout mice 23 highlighting AMPK complexes containing a2 and g3 are necessary for AICARstimulated AS160 phosphorylation in skeletal muscle. Thus, AICAR seems to increase glucose transport by a pathway involving AMPK and AS160. AMPK has also been implicated in mediating increased AS160 phosphorylation in response to muscle contraction. AS160 phosphorylation after electrically induced muscle contraction was markedly increased in skeletal muscle from wild-type and AMPKg3 knockout mice, but completely suppressed in AMPKa2 knockout and AMPKa2 kinase dead mice. This finding indicates that the AMPKa2-subunit is required for contraction-induced AS160 phosphorylation. However, earlier studies have indicated that contractioninduced glucose uptake is unaltered 25 or only partly decreased in these AMPK-deficient mouse models. 26 Although contraction clearly increases AS160 phosphorylation in skeletal muscle, the link to glucose uptake is unclear and AS160-independent mechanisms may contribute to the contraction-induced responses on glucose transport. Overexpression of AS160-4P in mouse skeletal muscle results in a decrease in contraction-mediated glucose uptake, highlighting an important regulatory role. 11 Clearly, further studies are warranted to fully dissect the mechanism by which contraction mediates glucose uptake. Emerging evidence suggests that multiple pathways contribute to the mechanisms by which muscle contraction/ exercise regulates glucose transport. Indeed, multiple phospho-proteins are readily observed in human skeletal muscle after an acute bout of aerobic exercise. 6 Phosphorylation of Ser/Thr residues that are present in a conserved 'RXRXXS/T' motif can be recognized by closely related kinases including Akt, AMPK, protein kinase C and p70 S6 kinase. 13 Thus, phosphorylation of AS160 in phospho Akt substrate motif could be achieved by several closely related kinases in response to insulin or exercise. Given the proliferation of molecular techniques now available, these exercise-responsive proteins can now be identified to bridge the gap in our understanding of the critical nodes and the multiple metabolic responses that occur in the working muscle. The molecular dissection of the contraction-induced signaling pathways is likely to reveal complex signaling circuits, with feed-back and feed-forward regulation, rather than linear signaling pathways. Furthermore, many of the components of these exercise-responsive signaling pathways will require validation through the use of in vitro models and inhibitors to directly repress components of the defined cascades.
